Mitochondria that acquire deleterious DNA mutations or sustain chemical damage to proteins are sequestered and cleared by autophagy, purportedly to maintain the fidelity of the remaining organelles. In PNAS, Vincow et al. demonstrate that two proteins, phosphatase and tensin homologinduced putative kinase 1 (PINK1) and Parkin, which are mutated in forms of familial parkinsonism, promote mitochondrial autophagy (mitophagy) in vivo in Drosophila raised in a normal laboratory environment (1). Thus, mitophagy appears to be a routine and necessary housekeeping activity that may be essential for survival of certain neurons and muscle cells that die in PINK1 and Parkin mutant flies. The work also uncovers a mystery that some mitochondrial respiratory chain (RC) proteins appear to be selectively routed for autophagosomal degradation, a process generally thought to remove entire mitochondria and indiscriminately eliminate RC components.
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PINK1 and Parkin in Drosophila are known to act in the same pathway to prevent dopaminergic neuron loss, flight muscle degeneration, and accumulation of swollen and dysfunctional mitochondria (2) (3) (4) . Mammalian cell culture studies also illustrate that PINK1 and Parkin work together to induce autophagy of chemically or genetically impaired mitochondria (5-10). Diverse mitochondrial insults generate the same stress signal: a loss of membrane potential diverts PINK1 from constitutive degradation following import into mitochondria to accumulate on the outer mitochondrial membrane (5). This outer-membrane location permits PINK1 via its kinase activity to recruit Parkin, an E3 ubiquitin ligase, from the cytosol onto the surface of mitochondria. Once there, Parkin ubiquitinates mitochondrial substrates and activates autophagosome engulfment of mitochondria (11) . Although PINK1/Parkin-mediated mitophagy has been demonstrated in cultured cells, whether PINK1/Parkin mediates mitophagy in vivo remained unknown, in part, owing to the difficulty in measuring mitophagy and mitochondrial turnover rates. The study by Vincow et al.
(1) uses quantitative mass spectrometry to reveal the panorama of protein degradation in whole animals. Scores of mitochondrial proteins were identified to have reduced turnover rates in Parkin mutant flies compared with wild-type flies, and these significantly correlate with proteins that display a reduced rate of turnover in autophagydeficient (Atg7 mutant) flies. This indicates
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that endogenous Parkin mediates mitophagy in vivo with no more stress placed on the flies or their mitochondria beyond normal metabolism. In contrast to Parkin, bulk autophagy mediated by Atg7 additionally regulates nonmitochondrial protein degradation, suggesting that Parkin specifically promotes mitochondrial protein turnover. Because PINK1 and Parkin mutations are linked to familial forms of Parkinson disease, the study by Vincow et al. provides important evidence that loss of mitophagy may contribute to disease etiology.
The authors also report that mitochondrial RC proteins are turned over at different rates, despite belonging to the same large multiprotein complexes, and conclude that some form of segregation must occur within mitochondria to shunt a subset of proteins toward mitophagy ( Fig. 1) (1) . Presumably, damaged proteins are the ones selectively degraded, thereby helping cells avoid the accumulation of swollen and dysfunctional mitochondria that arise in flies lacking PINK1 and Parkin. Some RC components may be especially labile, such as those involved in, or proximal to, reactive oxygen species generation and would require more frequent replacement than other RC components. Such oxidized RC proteins have been identified in mitochondria isolated from postmortem brains of Parkinson disease patients (12) , and the turnover of several of these proteins in respiratory complex I of flies is shown by Vincow et al. to depend on Parkin and autophagy ( Fig. 1) (1). Extraction of proteins from multisubunit RC complexes and their replacement within the complexes has been suggested previously to mitigate accumulation of damaged RC proteins (13, 14) . Of the nine most rapidly exchanged complex I proteins, six are found to require Parkin for normal turnover in flies (Fig. 1) (1) . However, the selective protein turnover that Vincow et al. identify may also include elimination of precursor proteins before their insertion into RC complexes. After proteins are either extracted from multisubunit complexes or identified before assembly into RC complexes, they must be segregated from those to be preserved and shunted to autophagosomes. Interestingly, Vincow et al. find that membrane-spanning RC proteins are enriched among those dependent on Parkin for disposal. This is consistent with the idea that soluble and freely diffusible matrix proteins (and mRNA) might be harder to corral into disposable mitochondrial microdomains (15) .
Mitochondrial fission has been shown to participate in mitophagy. Preventing fission by inhibiting dynamin-related protein 1 (Drp1) disrupts mitophagy and results in the accumulation of dysfunctional mitochondria. After fission, daughter mitochondria often display different membrane potentials, leading to autophagy of the more membrane potential-deficient daughter (16) . Interestingly, overexpressing Drp1 compensates for Parkin loss in flies (17, 18) , supporting the model that cycles of fission and fusion may facilitate protein segregation and concentration of debris into select mitochondria destined for mitophagic clearance. How damaged components may accumulate asymmetrically remains a mystery (15) .
Vincow et al. also point to nonautophagic pathways of protein disposal mediated by Parkin (1). This would logically include proteosomal pathways because Parkin is a ubiquitin ligase and is known to tag outermitochondrial-membrane proteins with ubiquitin to trigger proteosomal degradation. How Parkin and the proteosome could reach inner-membrane proteins identified here is difficult to imagine unless the outer membrane is stripped away to expose inner membrane proteins to Parkin as has been observed in an EM study (19) . Alternatively, mitochondrial derived vesicles could segregate damaged components for lysosomal degradation, bypassing autophagosomes (20) . Thus, there appear to be unexplained pathways of mitochondrial protein segregation and degradation that remain to be elucidated. 
